Early diagnosis of cutaneous T cell lymphoma (CTCL) is difficult and takes on average 6 years after presentation, in part because the clinical appearance and histopathology of CTCL can resemble that of benign inflammatory skin diseases. Detection of a malignant T cell clone is critical in making the diagnosis of CTCL, but the T cell receptor g (TCRg) polymerase chain reaction (PCR) analysis in current clinical use detects clones in only a subset of patients. High-throughput TCR sequencing (HTS) detected T cell clones in 46 of 46 CTCL patients, was more sensitive and specific than TCRg PCR, and successfully discriminated CTCL from benign inflammatory diseases. HTS also accurately assessed responses to therapy and facilitated diagnosis of disease recurrence. In patients with new skin lesions and no involvement of blood by flow cytometry, HTS demonstrated hematogenous spread of small numbers of malignant T cells. Analysis of CTCL TCRg genes demonstrated that CTCL is a malignancy derived from mature T cells. There was a maximal T cell density in skin in benign inflammatory diseases that was exceeded in CTCL, suggesting that a niche of finite size may exist for benign T cells in skin. Last, immunostaining demonstrated that the malignant T cell clones in mycosis fungoides and leukemic CTCL localized to different anatomic compartments in the skin. In summary, HTS accurately diagnosed CTCL in all stages, discriminated CTCL from benign inflammatory skin diseases, and provided insights into the cell of origin and location of malignant CTCL cells in skin.
INTRODUCTION
Cutaneous T cell lymphomas (CTCLs) are a heterogeneous collection of non-Hodgkin's lymphomas derived from skin-tropic T cells. CTCL encompasses skin-limited variants such as mycosis fungoides (MF) and leukemic forms of the disease, including Sézary syndrome (1) . T cells are confined to fixed inflammatory skin lesions in MF. When the disease is limited in extent, MF is often indolent and about 80% of patients are expected to have a normal life expectancy (2) . A subset of MF patients develop progressive, lethal disease characterized by skin tumors and lymph node involvement. Aggressive MF can involve many sites, but peripheral blood involvement is unusual. In contrast, patients with leukemic CTCL (L-CTCL, including Sézary syndrome) present most commonly with diffuse skin erythema and lymphadenopathy, and malignant T cells accumulate in the blood, skin, and lymph nodes. L-CTCL is typically refractory to therapy, and median survival is 3 years, with death occurring most commonly from infection. Hematopoietic stem cell transplantation (SCT) is the only potentially definitive cure for both advanced MF and L-CTCL (3) .
Early diagnosis of CTCL can be challenging, particularly in MF. The skin lesions of MF can clinically and histologically resemble those of benign inflammatory disorders including psoriasis and atopic dermatitis. The diagnosis of CTCL is based on assessment of a number of factors including the clinical presentation, suggestive histopathology, and identification of a clonal T cell population in blood or skin lesions. However, clonal malignant T cells make up only a small minority of total T cells in MF skin lesions, particularly in early disease (4) . The most commonly used clinical test, multiplex/heteroduplex polymerase chain reaction (PCR) amplification of the T cell receptor Vg (TCR Vg) chain followed by GeneScan capillary electrophoresis analysis, detects clones in a subset of patients with CTCL but has a significant false-negative rate (5, 6) . Definitive diagnosis of MF is often delayed and is made on average 6 years after the first development of skin lesions (7) . A more reliable method of discriminating between CTCL and benign inflammatory skin disease would both facilitate timely diagnosis of the disease and help to discriminate CTCL recurrences from unrelated benign inflammatory reactions in the skin.
High-throughput TCR sequencing (HTS) of the third complementarity determining regions (CDR3s) of TCRb and TCRg genes provides a comprehensive and quantitative analysis of how many distinct T cell clones are present within a sample, the relative frequency of each clone, and the exact unique nucleotide sequences of each clone's CDR3 regions (8) . Previous studies have shown that this technique can identify malignant T cells in the circulation and may be more sensitive than existing techniques in the detection of skin disease (9, 10) .
We present here our findings that HTS of TCRb and TCRg alleles detected expanded T cell clones in all CTCL patients studied, supporting early definitive diagnosis of CTCL and discrimination of CTCL from benign inflammatory skin diseases. HTS also facilitated the early discrimination of CTCL recurrences from benign inflammation, allowed longitudinal tracking of malignant T cells over time, and provided comprehensive information about the nature of T cell infiltrates in CTCL skin that led to additional insights into the immunobiology of CTCL.
dermatitis, 12 patients with contact dermatitis, 12 patients with pityriasis lichenoides et varioliformis acuta (PLEVA), and the skin of 6 healthy donors by HTS for both the TCR Vg and TCR Vb genes to determine whether HTS could provide more accurate diagnosis of CTCL. Clonality values were calculated from entropy of the TCR Vb CDR3 frequency distribution and then normalized by log (number of unique TCR Vb CDR3). Clonality values range from 0 (polyclonal distribution) to 1 (monoclonal distribution). As expected, the aggregate clonality of T cells in CTCL skin lesions increased with advancing stages of disease (Fig. 1A) . HTS of the TCRb CDR3 regions identified expanded T cell clones in 46 of 46 lesional samples of CTCL skin (Fig. 1, B to G). The aggregate V gene and J gene usage for a representative patient with stage IB MF is shown (Fig. 1B) , as well as the detailed information regarding the specific amino acid sequence of the single expanded T cell clone in the sample (Fig. 1C) . However, the top T cell clone expressed as the percentage of total sequenceable T cell genomes in the lesional skin sample was not sufficient to fully discriminate CTCL from other benign inflammatory skin diseases (Fig. 1, D and E) .
We next calculated what fraction of the total DNA from skin was contributed by the top T cell clone. This calculation reflected what proportion the top T cell clone made up of the total cells in skin, as opposed to evaluating the expanded clone only as the percentage of total T cells present. When the frequency of the top T cell clone was evaluated as the fraction of total nucleated cells (including keratinocytes, fibroblasts, and other cell types), HTS readily and effectively distinguished CTCL from benign inflammatory skin disorders and from healthy skin (Fig. 1, F and G). PLEVA is an inflammatory skin disorder that is clinically very distinct from CTCL but has been shown to contain clonal T cells in a subset of patients, suggesting that it may represent a cutaneous lymphoproliferative disorder (11) (12) (13) . HTS studies detected a clonal T cell population in 4 of 12 patients with PLEVA, in agreement with previous PCR studies demonstrating that T cell clones exist in a subset of patients ( fig. S1C) .
HTS of the TCR Vg CDR3 genes was also carried out in the same skin samples (Fig. 2) . Most mature human peripheral blood T cells have two rearranged TCR Vg genes; the average number of rearranged TCR Vg genes for an aggregate population of mature human T cells is 1.8 (14) . To account for the two rearranged TCR Vg alleles most often present in a single T cell, the two most frequent top TCR Vg gene sequences were added to calculate the frequency of the top T cell clone in skin samples. With this approach, there was a quite good correlation between TCRb and TCRg sequencing results in individual samples ( Fig. 2A) . As expected, some samples showed relatively lower clonal frequency by TCRb analysis (falling to the left of the diagonal line, Fig. 2A ); these samples represent T cell clones with only one rearranged TCRg allele, which would be expected to make up 17% of the total T cell population. A notable exception was a single case of gd T cell CTCL, which had a clear clonal T cell population on TCRg HTS but no detectable clone by TCRb HTS. In agreement with our results, it has been recently reported that human gd T cells virtually never have rearranged TCRb alleles (14) . We would therefore not expect this variant of CTCL to be detected by TCRb HTS. When expressed as the fraction of total nucleated cells in skin, TCRg HTS also readily distinguished CTCL patients from those with benign inflammatory skin disease and from healthy skin (Fig. 2 , B and C).
HTS diagnoses CTCL in patients with negative clonality assessments by conventional TCRg PCR Thirty-nine patients with clinically confirmed CTCL were evaluated both by HTS and by standard TCRg PCR, using BIOMED Invivoscribe primers and GeneScan capillary electrophoresis (5, 6) . HTS identified T cell clones in 39 of 39 patients compared to TCRg PCR, which identified clonal populations in 27 of 39 (70%) of samples. Ten of the 12 patients who had detectable clonality by HTS but not by TCRg PCR had early-stage (IA or IB) disease (Fig. 3A) . However, the fraction of nucleated cells of the expanded T cell clone as assayed by HTS was similar in PCR-negative and PCR-positive patients (Fig. 3 , B and C), suggesting that TCRg PCR was negative in these patients for reasons other than a very low predominance of the malignant clone. Similar proportions of samples with DNA extracted from frozen versus formalinfixed paraffin-embedded (FFPE) samples were negative by PCR ( fig.  S2 ), suggesting that the source of sample DNA was not a factor. The clinical photographs and HTS results in two representative patients with stage IB CTCL are shown (Fig. 3, D and E) . HTS demonstrated clear, expanded T cell clones, but TCRg PCR was read as negative for clonality in both cases. HTS was particularly helpful in patient 551, a patient with stage IA CTCL in whom three separate biopsies were all read as negative for clonality by TCRg PCR (Fig. 3, F and G, and fig. S3 ). TCRb HTS demonstrated the presence of two high-frequency TCRb sequences (Fig. 3H) , suggesting the presence of either a single T cell clone with two rearranged b alleles or two dominant T cell clones. TCRg HTS demonstrated the presence of four predominant TCRg sequences in all four biopsies from this patient, demonstrating that two expanded T cell clones were present in this patient, each with two rearranged TCRg alleles (Fig. 3I ).
HTS discriminates CTCL recurrences from benign inflammation, provides accurate assessment of responses to therapy, and facilitates early diagnosis of disease recurrence in both the skin and blood of patients with CTCL By virtue of its ability to identify and quantify clonal T cells, HTS can greatly facilitate the care of patients with CTCL. HTS was effective in distinguishing early CTCL recurrences from benign inflammation of the skin, a challenge that occurs when patients develop a cutaneous eruption after what otherwise appears to be a successful treatment of their lymphoma. Patient 247 had stage IB CTCL with peripheral blood involvement that was detectable both by HTS (Fig. 4A) and by clinical flow cytometry analysis. The patient was begun on low-dose alemtuzumab along with valacyclovir and sulfamethoxazole/trimethoprim prophylaxis (15) . He experienced a rapid improvement in his skin erythema and pruritus, but after his ninth cycle of alemtuzumab, he developed an inflammatory cutaneous eruption that was worrisome for a recurrence of CTCL (Fig. 4B) . Histopathology was suggestive of a drug hypersensitivity response, but a T cell dyscrasia could not be ruled out. HTS clearly demonstrated loss of the malignant T cell clone from both blood and skin (Fig. 4C) , supporting the diagnosis of a nonmalignant hypersensitivity response. Sulfamethoxazole/trimethoprim was discontinued, and the patient recovered completely with topical steroids and narrowband ultraviolet B (UVB) therapy. In agreement with our previous studies, HTS demonstrated the presence of a diverse population of skin-resident memory T cells (T RM ) remaining in this patient's skin after alemtuzumab therapy (Fig. 4D) .
HTS was also useful for its ability to track individual malignant T cell clones in the blood and skin over months and years in a particular patient. Patient 409 had stage IIA CTCL and was first studied by HTS in 2012, after treatment with electron beam and brachytherapy, and again in 2014, after initiation of gemcitabine. HTS demonstrated an identical clonal T cell population in the skin at both time points reduced but still present after gemcitabine therapy (Fig. 4, E and F) .
In addition, HTS rapidly and efficiently diagnosed early disease recurrences. Patient 425 had a history of recalcitrant stage IIB CTCL with The most frequent T cell clone expressed as the fraction (fract) of total nucleated cells successfully discriminates CTCL from benign inflammatory skin diseases. The most frequent T cell sequence expressed as a fraction of total nucleated cells is shown for individual samples (F) and aggregate data (G). This analysis allowed the discrimination of CTCL from benign inflammatory skin diseases and healthy skin. Forty-six CTCL skin lesions, lesional skin from 23 patients with psoriasis, 11 patients with eczematous dermatitis, and 12 patients with contact dermatitis, and the skin of 6 healthy donors were evaluated [test: KruskalWallis one-way analysis of variance (ANOVA) with a Bonferroni-Dunn's post test].
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+ large-cell transformation. HTS performed before SCT identified the malignant T cell clone. She underwent a matched-donor stem cell transplant and appeared free of disease until 10 months after transplantation, when she developed a new skin lesion on her right abdomen (Fig. 4G ). HTS demonstrated a recurrence of the same malignant T cell clone demonstrable before SCT (Fig. 4H ). Prompt withdrawal of systemic immunosuppression and skin-directed narrowband UVB therapy induced a complete and persistent remission.
HTS was also effective in identifying and quantifying expanded T cell clones in blood samples from patients with CTCL. As expected, HTS failed to identify dominant, expanded T cell clones in the blood of most patients with MF but routinely detected expanded clonal T cells in patients with clinical evidence of peripheral blood disease (L-CTCL), as evidenced by positive clinical flow cytometry analyses (Fig. 4I ). Four patients with benign, expanded T cell clones in the peripheral blood were also studied and were clearly discriminated from patients with L-CTCL ( fig. S1 ).
In patients with new discrete skin lesions and no clinical involvement of peripheral blood, HTS demonstrates hematogenous spread of small numbers of malignant T cells Patients with skin-limited CTCL and no evidence of peripheral blood involvement by clinically available flow cytometry analyses can develop new CTCL skin lesions distant from previously involved areas. Patient 539 had stage IIB CTCL with patchy and nodular skin lesions ( Fig. 5A ) and no evidence of peripheral blood disease by clinical flow analyses. The skin lesions improved after local radiation therapy, but the patient developed a new tumor at a previously uninvolved distant site 5 months later. HTS studies demonstrated the same malignant T cell clone in the two lesions biopsied before radiation therapy as well as the new distant tumor (Fig. 5 , B and C). Evaluation of the peripheral blood at the time of the development of the new skin lesions also demonstrated low but detectable numbers of the same malignant clone within the peripheral circulation. At both time points, clinical flow cytometry studies were negative for peripheral blood involvement. Patient 418 had a long-standing stage IIB folliculotropic CTCL previously controlled with a number of therapies including narrowband UVB, psoralen and UVA light, oral bexarotene, denileukin diftitox, electron beam radiation, pralatrexate, and nitrogen mustard (Fig. 5D ). In 2014, he was seen with thickening of existing lesions and development of new skin lesions (Fig. 5E ). Several clinical flow analyses were negative for peripheral blood involvement. HTS analysis of blood and skin samples demonstrated the presence of an abundant T cell clone in skin that was demonstrable in low levels in peripheral blood (Fig. 5F ). Patient 317 had an over 40-year history of long-standing large-plaque parapsoriasis since childhood and was eventually diagnosed with MF in 2007 (Fig. 5G ). In 2014, he presented with a 1.5-year history of worsening disease with new areas of involvement. HTS analyses of skin and blood demonstrated the presence of a clonal T cell population in skin that was also present at a very low level within the peripheral blood (Fig. 5H ). In summary, in three of three patients with skin-limited disease, with no evidence of peripheral blood disease by flow cytometry analyses and recent development of new skin lesions, HTS demonstrated the hematogenous spread of low numbers of clonal T cells. HTS also measured the numbers and diversity of malignant and benign T cells in CTCL skin lesions (Fig. 6, A and B). The presence of tumor-infiltrating lymphocytes has been correlated with better outcomes in a variety of human cancers (16) . HTS may therefore be a useful tool in evaluating the health of a patient's T cell repertoire, perhaps also gauging their likelihood to progress.
HTS TCRg gene studies demonstrate that CTCL is a malignancy derived from mature T cells CTCL is most commonly a malignancy of CD4 + ab T cells, but the stage of differentiation of the T cell of origin in CTCL has never been definitively established. Before rearranging the TCRb genes, ab T cells first undergo rearrangement of the TCRg genes; mature ab T cells have on average 1.8 rearranged TCRg genes (14) .
We studied the malignant T cells in CTCL for the prevalence of rearranged TCRg genes. CTCL patients in whom TCRg HTS demonstrates the presence of two similarly abundant TCRg sequences are patients with T cell clones that have both TCRg alleles rearranged (biallelic, Fig. 6C ). Patients with a single most frequent TCRg sequence by HTS are those who have T cell clones with a single rearrangement of the TCRg allele (B and C) The sum of the top two TCRg sequences, divided by two and expressed as a fraction of total nucleated cells discriminates CTCL from benign inflammatory skin diseases. Individual (B) and aggregate (C) data are shown. Forty-six CTCL skin lesions, lesional skin from 23 patients with psoriasis and 11 patients with eczematous dermatitis, and the skin of 6 healthy donors were evaluated (test: Kruskal-Wallis one-way ANOVA with a BonferroniDunn's post test). (F to I) In patient 551, four skin biopsies were sent for HTS, and three were also studied by TCRg PCR. All were negative for clonality by TCRg PCR, but four of four were positive for clonality by HTS. TCRg PCR results are shown for two biopsies; the third is included in fig. S3 . Asterisks indicate peaks noted by the pathologist within the expected areas, but none were judged significant enough to designate as a clonal population (F and G). TCR Vb demonstrated the presence of two distinct Vb clonal sequences, denoting the presence of either a single malignant clone with two rearranged TCRb alleles or two separate malignant T cell clones (H). TCRg HTS demonstrated the presence of four dominant g chain clones in all four biopsies (black circles), confirming that there were two clonal malignant T cell populations in this patient, each with one rearranged TCRb allele and two rearranged TCRg alleles. The five most frequent benign T cell TCRg sequences are also shown for comparison (white circles) (I).
(monoallelic, Fig. 6D ). The presence of two independent and distinct TCRg marker sequences can provide additional verification of the malignant clone. In our specimens, we found 27 CTCL T cell clones that were clearly biallelic and 6 that were clearly monoallelic (Fig. 6E) . On average, each malignant T cell clone had 1.8 rearranged TCRg alleles, in complete agreement with the values observed in human mature T cells (14) . This observation demonstrates that CTCL is a malignancy arising from mature memory T cells that underwent normal thymic maturation and is not a malignancy of immature T cells or lymphoid progenitor cells.
MF and L-CTCL malignant T cells localize to distinct anatomic compartments in the skin TCRb HTS identifies the TCR Vb subunit used by the malignant T cell clone. About 60 to 70% of TCR Vb subfamilies can be recognized by commercially available monoclonal antibodies, allowing for immunostaining of the malignant T cells in samples of lesional skin or in blood (Fig. 6, F to H) . We previously reported that malignant T cells in MF have the surface phenotype of skin T RM , nonrecirculating T cells with marked effector functions, a subset of which have been reported to localize to the dermoepidermal junction of human skin (17) (18) (19) . By selectively staining for the TCR Vb subunit used by the malignant T cell clone, we found that the T cells in a subset of patients with MF selectively localized to the dermoepidermal junction (Fig. 7) . In contrast, L-CTCL is a malignancy with the surface phenotype of highly migratory skin-tropic central memory T cells (T CM ) (15, 17) . T CM are thought to primarily recirculate between the lymph nodes, blood, and skin and are found in the dermis but not the epidermis of healthy human skin (17, 20) . Immunostaining of malignant T cells in patients with L-CTCL demonstrated that malignant T cells localized to the dermis and were excluded from the epidermis and dermoepidermal junction (Fig. 8) . 
DISCUSSION
Making a timely and accurate diagnosis is one of the greatest challenges in treating CTCL patients. In patients with MF, malignant T cells make up only a small proportion of T cells in skin lesions (4) . Spectral karyotyping and comparative genomic hybridization studies combined with TCRg PCR have demonstrated that genetically damaged malignant T cells are present in even the earliest stages of MF (21, 22) , confirming that MF is a lymphoma of genetically damaged malignant T cells even in its earliest manifestations. The identification of an expanded T cell clone in skin lesions is a critical piece of information that, when combined with suggestive histopathology and clinical presentation, can establish the diagnosis of CTCL.
In patients in whom the clinically available TCR Vg PCR studies detect a clonal T cell population, this technique is very valuable in establishing the diagnosis of CTCL (5, 6). However, the interpretation of this test is both complex and operator-dependent, and each laboratory has its own distinct threshold above which a peak, measured by densitometry, is considered to represent a T cell clone. There are many patients with a suggestive clinical presentation and equivocal histopathology in whom TCR Vg PCR studies are read as polyclonal or otherwise fail to detect a clonal T cell population. In these patients, definitive diagnosis is often difficult, and the institution of definitive and appropriate therapy is delayed, often until disease worsens to the point where the diagnosis is clear but effective treatment is more difficult. On average, it takes 6 years after the initial onset of skin lesions to make a definitive diagnosis of CTCL (7).
High-throughput sequencing of the TCR CDR3 regions, the hypervariable portions of the TCRg and TCRb genes that make up the antigen recognition domains, has the potential to provide an exact fingerprint for T cell clones in a particular biologic specimen. The exact unique nucleotide sequences that make up each T cell clone are identified, the number of these cells relative to other T cells in the sample is measured, and the total number and overall diversity of T cells are provided (8) . This single, one-step study provides an unprecedented amount of information about the T cell population in a biologic specimen.
Because of its ability to identify and quantify individual T cell clones, HTS is a promising technique to apply to the diagnosis of CTCL. We found that HTS detected an expanded T cell clone in the skin lesions and blood of all CTCL patients studied. The skin lesions of 39 of our patients were studied by both HTS and TCRg PCR. HTS identified expanded T cell clones in all of these patients, whereas TCRg PCR was positive in only 70%. HTS was particularly effective in detecting expanded T cell clones in patients with earlier stages of disease. Surprisingly, patients who had clones by HTS but not by TCRg PCR were not necessarily those with lower numbers of clonal T cells in skin lesions, suggesting that factors other than a lower sensitivity of TCRg PCR may interfere with the detection of clonal T cell populations by this technique. Taken together, our results suggest that HTS is superior to TCRg PCR in detecting clonal T cell populations in patients with CTCL.
One of the clinical challenges in diagnosing patients with early-stage disease is discriminating CTCL from benign inflammatory skin disorders such as psoriasis and atopic dermatitis, which these lymphomas can clinically resemble. To be a successful diagnostic test, HTS must therefore not only detect expanded T cell clones in patients with CTCL but must also be able to successfully discriminate CTCL from benign inflammatory skin disorders. Clonal T cell expansion occurs in healthy T cell-mediated immune responses, and clonal expansion of individual, antigen-specific T cells is the physiologic consequence of antigen recognition. Expanded T cell clones have been detected in benign inflammatory skin disorders, and expanded CD8 + T cell clones are frequently found in the peripheral circulation of older individuals and often represent expanded populations of cytomegalovirus-specific T cells (23) (24) (25) . Because many benign inflammatory skin diseases are thought to be antigen-driven, for example in response to allergens in atopic dermatitis and contact dermatitis and to autoantigens in psoriasis, it is not surprising that predominant T cell clones have been observed in these disorders.
Indeed, the proportion of the top T cell clone, expressed as a percentage of the total T cell population, did not clearly distinguish between CTCL and benign inflammatory skin disorders (Fig. 1, D and  E) . This analysis evaluates the frequency of the top clone with respect to the remaining T cell population, but it is not a measure of the absolute number of clonal T cells in a particular unit of skin. One way of measuring the absolute number of clonal T cells in a particular skin volume is to determine what fraction of the total DNA derived from all nucleated cells in skin is contributed by the top T cell clone. This "fraction of nucleated cells" is a measure of how many clonal T cells are present in a particular unit of skin. When the data were considered in this way, we found that HTS successfully discriminated CTCL from benign inflammatory skin diseases (Figs. 1, F and G, and 2, B and C) . That is, particular T cell clones may be frequent within the total T cell population in benign inflammatory skin diseases, but the absolute number of these cells per unit of skin rarely exceeded a certain threshold (~1:1000). In CTCL by contrast, clonal T cells accumulated not only in frequency but also in absolute numbers to levels that exceed those observed in benign inflammatory skin diseases. It is possible that a homeostatic ceiling may exist for normal T cell expansion in skin, one that is not recognized by the malignant clone in CTCL.
Although it is conjecture, one possible mechanism for this apparent limit to the number of normal T cells in a particular volume of skin could be the dependence of T cells on a growth or survival factor that is present in limited amounts within the skin. For example, the g chain cytokine interleukin-15 (IL-15) works together with IL-7 to mediate survival and homeostatic proliferation of memory T cells in blood (26, 27) . IL-15 is produced by many cell types in skin, including keratinocytes, fibroblasts, macrophages, and dendritic cells (28) (29) (30) . IL-15 induces the proliferation of both circulating and skin-resident T cells and mediates bystander proliferation of CD8 + T cells (30) (31) (32) . Similar to its effects on benign T cells, IL-15 can induce proliferation of malignant CTCL T cells (33) (34) (35) . However, it is conceivable that malignant T cells may be less dependent than benign T cells on IL-15 or a similar survival factor within the skin. This could lead to malignant T cells outgrowing their cytokinedependent niche, whereas benign T cells cannot. However, the signals that maintain T cells long term in skin remain to be elucidated, and differential survival factor dependence of benign versus malignant T cells is only one possible mechanism for the observed results.
Although CTCL is clearly a malignancy of T cells characterized by their ability to home to the skin, the cell of origin for CTCL has never been conclusively identified. Other hematologic malignancies are more common in patients with CTCL, including Hodgkin's and non-Hodgkin's lymphoma, raising the speculation that a defective common lymphoid progenitor cell could be responsible (36) . CTCL patients can have more than one malignant T cell clone, consistent with the possibility that the disease may arise from a pre-T cell before rearrangement of the TCR genes (22, 37) . By combining findings of TCRb and TCRg HTS, we calculated that the average malignant T cell clone contained 1.8 rearranged TCRg alleles (Fig. 6) , the exact proportion observed in mature peripheral blood ab T cells (14) . This observation demonstrates that CTCL is a malignancy of mature T cells and is not a malignancy of immature T cells or lymphoid progenitor cells.
HTS of the TCRb allele allows identification of the Vb usage of the malignant clone. This enables selective immunostaining of the malignant T cell clone, permitting evaluation of its phenotype, location within skin lesions, and functional characteristics. CTCL is most commonly a malignancy of CD4 + cutaneous T cells, although CD8 + MF can also occur. We have recently demonstrated that human skin is protected by four distinct populations of T cells, two recirculating and two resident, all of which are presumably susceptible to malignant transformation (20) . It is our evolving hypothesis that the distinct clinical presentations of CTCL may represent their derivation from different subsets of skinhoming T cells. For example, malignant T cells in stable MF had the surface phenotype of nonrecirculating T RM , and classic erythrodermic Sézary syndrome had malignant T cells with a surface phenotype of T CM , consistent with their tendency to form fixed, stable inflammatory skin lesions versus mobile erythroderma, respectively (15, 17, 38) . Our most recent studies identified a novel skin-homing subset termed migratory memory T cells (T MM ) (20) . These cells express CCR7 but lack L-selectin, are present in the blood and skin of healthy individuals, and recirculate more slowly out of skin than do T CM . In CTCL patients, malignant T MM gave rise to discrete skin lesions with ill-defined borders and peripheral blood disease, which in the current classification is referred to as MF with peripheral blood disease. One remaining question is the process by which patients who have long-standing stable MF develop new onset peripheral blood disease years later. Malignant T cells can accumulate progressive mutations over time, and many patients have CTCL for decades. Mutations or expression changes in the molecules that retain T cells in skin could give rise to malignant T cells that can access and accumulate within the circulation. Alternatively, patients with CTCL have been known to develop multiple different malignant T cell clones, arguing that genetic damage and genomic destabilization occur in a group of T cells, some of which give rise to overtly malignant T cell clones (22, 37) . Peripheral blood disease in patients with long-standing stable MF could also be caused by two distinct T cell clones. HTS is uniquely well suited to definitively answer these questions, and this is an active topic of investigation in our laboratory.
Distinct skin-homing T cell subsets also localize to different anatomic compartments within the skin. T CM are present in the dermis but excluded from the epidermis in humans, whereas T RM can be found both in the dermis and epidermis (20) . Moreover, a set of highly protective, herpes simplex virus-specific T RM localize to the dermoepidermal junction in humans (18, 19) . We localized the malignant clone by immunostaining biopsy specimens with commercially available TCR Vb antibodies. Using this technique, we found that the malignant T cells in a subset of patients with MF and L-CTCL localized to distinct anatomic compartments. In a subset of MF patients, malignant T cells localized to the dermoepidermal junction and malignant T cells in patients with L-CTCL and a T CM phenotype localized to the dermis, the same anatomic compartment of human skin where skin-tropic T CM are found (20) . These studies raise the intriguing possibility that malignant T cells in some CTCL patients not only may retain the recirculation characteristics of their parent T cell population but also retain their tendency to localize to distinct anatomic positions within the skin. These insights could eventually lead to selective therapies that deplete malignant T cells, spare healthy cells, and also give rise to novel insights regarding the behavior of healthy skin-homing T cells.
Although HTS is a very useful technique in CTCL, every technology has potential technical problems and limitations. PCR bias can be limited but not entirely removed, and it is critical that each source of HTS services used by clinicians, whether academic or commercial, has robust mechanisms for control of PCR bias. Second, the measurement of the parameter we find most useful, the fraction total nucleated cells, requires efficient measurement of input DNA and DNA amplifiability, and robust measurement of this needs to be a part of the HTS technology. Third, DNA can undergo degradation after formalin fixation, and the primer sets and measurements of DNA available for sequencing that function well on FFPE-fixed tissues are required if clinicians wish to extract DNA from FFPE samples for these studies. Last, it should be remembered that HTS assays need to be evaluated in the context of a patient's history, presentation, histopathology results, and other diagnostic tests, and we do not propose it as a single diagnostic test for CTCL.
In summary, we found that HTS is a valuable tool in identifying malignant T cell clones and differentiating early-stage CTCL from benign inflammatory skin disease. The fraction of malignant T cells per volume of skin is valuable in differentiating CTCL from benign inflammation, but the relative percentage of malignant T cells is not. Our findings suggest that a maximal number of T cells per volume of skin exists in benign inflammatory disorders; the signals that maintain retention and survival of T cells in skin are not fully characterized, but we hypothesize that malignant CTCL cells are independent of these signals. CTCL T cells contain on average 1.8 rearranged TCRg genes, suggesting that CTCL arises from mature T cells. Last, we found that malignant T cells in different subtypes of CTCL localize to distinct anatomic compartments within the skin.
MATERIALS AND METHODS
Study design/experimental design This is an experimental laboratory study performed on human tissue samples. All studies were performed in accordance with the Declaration of Helsinki. Blood from healthy individuals was obtained after leukapheresis, and skin was obtained from healthy patients undergoing cosmetic surgery procedures. Blood and lesional skin from patients with CTCL were obtained from patients seen at the Dana-Farber/Brigham and Women's Cancer Center Cutaneous Lymphoma Program. CTCL patients described in this article met the WHO-EORTC (World Health Organization-European Organization for Research and Treatment of Cancer) criteria for L-CTCL/Sézary syndrome or MF (1). Lesional skin from patients with psoriasis and eczematous dermatitis were obtained from patients seen at the Brigham and Women's Hospital or at Rockefeller University. All tissues were collected with previous approval from the Partners, Dana-Farber, and Rockefeller Institutional Review Boards. Analyses of HTS studies were done in an investigator-blinded fashion. Immunostaining studies were performed using in vitro assays without blinding or randomization. Study components were not predefined.
Skin and blood samples
Clinical information for the CTCL patients studied is provided in Table 1 . Clinical flow analyses were assessed for peripheral blood disease by measuring the CD4/CD8 ratio and quantifying putative malignant cells by gating on CD3 + CD4 + CD26 − cells.
DNA isolation from skin DNA was isolated from frozen, optimum cutting temperature compound (OCT)-embedded or FFPE skin samples as follows. For OCT-embedded tissue samples, 30 cryosections of 10-mm thickness were cut, and DNA extraction was carried out using the QIAamp DNA Mini Kit (Qiagen) kit as per manufacturer's instructions with overnight tissue digestion. This method generated 155 to 3730 ng of DNA per sample. For FFPE samples, DNA was extracted from two 40-mm scrolls using the QIAamp DNA Mini Kit as per the manufacturer's instructions with the following modifications. Paraffin was removed from the tissue scrolls by two rounds of xylene extraction, followed by two ethanol washes before overnight tissue digestion. Extra proteinase K was added after overnight digestion if visible tissue still remained. This method generated 272 to 3656 ng of DNA per sample.
HTS analyses
Immunosequencing. For each sample, DNA was extracted from skin biopsies or peripheral blood mononuclear cells, and then TCRb CDR3 and TCRg CDR3 regions were amplified and sequenced using ImmunoSEQ (Adaptive Biotechnologies) from 400 ng of DNA template. Bias-controlled V and J gene primers were used to amplify rearranged V(D)J segments for high-throughput sequencing at~20× coverage. After correcting sequencing errors via a clustering algorithm, CDR3 segments were annotated according to the International ImMunoGeneTics collaboration, identifying which V, D, and J genes contributed to each rearrangement (39) (40) (41) .
Controlling bias in a multiplex PCR. Because accurate quantification of lymphoblast clones for minimal residual disease detection is critical, an approach was developed to ensure minimal bias in multiplex PCR (42) . Briefly, each potential VDJ rearrangement of the TCRb locus contains 1 of 13 J segments, 1 of 2 D segments, and 1 of 52 V segments, many of which have disparate nucleotide sequences. To amplify all possible VDJ combinations, a single-tube, multiplex PCR assay with 45 V forward and 13 J reverse primers was used. To remove potential PCR bias, every possible V-J pair was chemically synthesized as a template with specific barcodes (42) . These templates were engineered to be recognizable as nonbiologic and have universal 3′ and 5′ ends to permit amplification with universal primers and subsequent quantification by HTS. This synthetic immune system was then used to calibrate the multiplex PCR assay. Iteratively, the multiplex pool of templates was amplified and sequenced with TCRb V/J-specific primers, and the primer concentrations were adjusted to rebalance PCR amplification. Once the multiplex primer mixture amplified each V and J template nearly equivalently, residual bias was removed computationally. The parallel procedure for TCRg was described previously (42) . A schematic of this approach is included ( fig. S4) .
PCR template abundance estimation. To estimate the average read coverage per input template in the multiplex PCR and sequencing approach, a set of about 850 unique types of synthetic TCR analog, comprising each combination of Vb and Jb gene segments (42) for TCRb and about 75 for TCRg, was used. These molecules were included in each PCR at very low concentrations so that most unique types of synthetic template were not observed in the sequencing output. Using the known concentration of the synthetic template pool, the relationship between the number of observed unique synthetic molecules and the total number of synthetic molecules added to the reaction was simulated (this is very nearly one-to-one at the low concentrations that were used). These molecules then allowed calculation for each PCR of the mean number of sequencing reads obtained per molecule of PCR template (the amplification factor), and thus estimation of the number of T cells in the input material bearing each unique TCR rearrangement.
Clonal detection. The putative malignant clone was defined by sequence abundance. A clone can have either one or two rearranged alleles. For most of the clones, both TCRg alleles are rearranged, and for TCRb, a minority has both alleles rearranged. For consistency, a clone's abundance was defined by summing the abundance of the top two alleles for TCRg and the top single allele for TCRb. For TCRg, the method is robust for the cases with only a single rearrangement, because the second largest allele that is present in a nonmalignant cell is relatively low.
The percent of T cells consisting of the malignant clone was determined by dividing the abundance of the malignant clone (number of reads) by the total number of T cell reads. For TCRg, this number was divided by two because most T cells have two TCRg rearrangements. The fraction of total nucleated cells was determined by multiplying this number by the fraction of T cells in the samples as described above.
Statistical analyses
Primary methods of data analysis included descriptive statistics (means, medians, and SDs). Differences between two sample groups were detected using the one-tailed Wilcoxon-Mann-Whitney test, a = 0.05. For comparisons of multiple groups, a Kruskal-Wallis one-way ANOVA with a Bonferroni-Dunn's post-test for multiple means test was used, a = 0.05.
Cryosection immunostaining CTCL skin samples were embedded in OCT, frozen, and stored at −80°C until use. Cryosections (5 mm) were cut, air-dried, fixed for 5 min in acetone, rehydrated in phosphate-buffered saline (PBS), and blocked with human immunoglobulin G (20 mg/ml) (Jackson ImmunoResearch Laboratories) for 15 min at room temperature. Sections were incubated with directly conjugated anti-TCR Vb antibody (Beckman Coulter)for 30 min and then rinsed three times in PBS/1% bovine serum albumin for 5 min. Sections were mounted using ProLong Gold Antifade with 4′,6-diamidino-2-phenylindole (Life Technologies) and examined immediately by immunofluorescence microscopy. Sections were photographed using a microscope (Eclipse 6600; Nikon) equipped with a 40×/0.75 objective lens (Plan Fluor; Nikon). Images were captured with a camera (SPOT RT model 2.3.1; Diagnostic Instruments) and were acquired with SPOT 4.0.9 software (Diagnostic Instruments).
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